Although follicular lymphoma (FL) is generally responsive to conventional-dose chemotherapy, improved survival in patients with this disease has been difficult to demonstrate. High-dose chemo/radiotherapy followed by autologous stem-cell transplantation (ASCT) can improve response rates, although its effects on survival remain controversial. Between 1990 and 2003, we transplanted 49 patients with low-grade FL at our institution. Twenty-two patients (45%) had undergone histologic transformation at the time of ASCT. In all, 44 patients (90%) had relapsed disease and five patients (10%) were resistant to chemotherapy at the time of transplantation. After ASCT, 30 patients (61%) were in complete remission (CR). The median overall survival (OS) has not been reached, while the median event-free survival (EFS) is 2.4 years. At a median follow-up of 5.5 years (longest 12.4 years), a plateau has been reached with 56% of patients remaining alive, and 35% event-free. ASCT was well tolerated except for two (4%) treatment-related deaths. In multivariable analysis, CR after ASCT and age less than 60 years are the best predictors of EFS and OS. ASCT is thus a safe therapeutic approach in FL, resulting in long-term EFS and OS for some patients, even with transformed disease. Bone Marrow Transplantation (2005) 36, 955-961.
Summary:
Although follicular lymphoma (FL) is generally responsive to conventional-dose chemotherapy, improved survival in patients with this disease has been difficult to demonstrate. High-dose chemo/radiotherapy followed by autologous stem-cell transplantation (ASCT) can improve response rates, although its effects on survival remain controversial. Between 1990 and 2003, we transplanted 49 patients with low-grade FL at our institution. Twenty-two patients (45%) had undergone histologic transformation at the time of ASCT. In all, 44 patients (90%) had relapsed disease and five patients (10%) were resistant to chemotherapy at the time of transplantation. After ASCT, 30 patients (61%) were in complete remission (CR). The median overall survival (OS) has not been reached, while the median event-free survival (EFS) is 2.4 years. At a median follow-up of 5.5 years (longest 12.4 years), a plateau has been reached with 56% of patients remaining alive, and 35% event-free. ASCT was well tolerated except for two (4%) treatment-related deaths. In multivariable analysis, CR after ASCT and age less than 60 years are the best predictors of EFS and OS. ASCT is thus a safe therapeutic approach in FL, resulting in long-term EFS and OS for some patients, even with transformed disease. 1 Limited-stage, grade 1 or 2 FL may be cured with radiotherapy alone 2 but advanced-stage disease, which is present in more than 80% of patients, has been traditionally considered incurable. The natural history of advancedstage FL is characterized by repeated chemosensitive relapses of progressively shorter duration and ultimately death from progressive disease. Thus, even though outcomes may be improving with the introduction of monoclonal antibody therapy, conventional chemotherapy has no impact on overall survival (OS), which remains a median of 8-10 years from diagnosis. 3 Additionally, 30-70% of patients undergo histologic transformation to a more aggressive lymphoma, 4, 5 with limited treatment options and historically inferior outcomes with conventional-dose therapy. 3 High-dose therapy with autologous stem-cell transplantation (ASCT) represents an alternative treatment option for advanced-stage FL. Prior studies have shown that this approach can increase the depth and duration of response in selected patients, although follow-up in most instances has been short vis-a`-vis the natural history of FL. Furthermore, this benefit comes at the cost of potentially significant immediate and long-term toxicity, especially for a disease that can be managed for long periods of time with 'watchful waiting' or conventional therapies. Prior studies also present conflicting results on the impact of histologic transformation on clinical outcomes. In this paper, we review a single institution experience with ASCT in patients with low-grade FL and identify a group of long-term eventfree survivors, even among patients with transformed disease.
Patients and methods

Clinical characteristics
Clinical data were retrospectively collected from all patients with an initial diagnosis of low-grade FL who underwent high-dose chemo/radiotherapy with autologous stem-cell support at our institution between 1990 and 2003. Of the 52 patients identified, three were excluded because of incomplete baseline information. Low-grade FL was defined as the equivalent of FL grade 1 and 2 according to the current WHO classification. At the time of transplantation, 22 (45%) patients had undergone histologic transformation of their disease. Histologic transformation was defined by frequency of large cells or the presence of diffuse architecture, that is, FL grade 3 or diffuse-large B-cell lymphoma based on the WHO classification.
The number of failed therapies included any single-agent or combination chemotherapy, monoclonal antibody, or radiotherapy that was associated with refractory, relapsed, or progressive disease prior to ASCT.
High-dose therapy, stem-cell source, and purging
The choice of high-dose chemo/radiotherapy regimen utilized was mandated by institutional policy at the time (Table 1) . Occasionally, substitutions were made at the discretion of the treating physician because of concern for excess toxicity or previous exposure to radiation. Overall, 25 patients (51%) received total body irradiation (TBI) as part of their conditioning therapy, given in the standard anterior-posterior approach.
The choice of stem-cell source was also mandated by institutional policy and reflects the evolving standard of practice. In all, 32 patients (65%) received peripheral stem cells alone, 10 patients (20%) received autologous bone marrow alone, and seven patients (14%) received both peripheral stem-cell and bone marrow grafts. Nine patients (18%) were treated on an institutional bone marrow purging protocol and received 4-hydroxyperoxycyclophosphamide (4-HC) purged bone marrow grafts as previously reported by Bird et al. 6 
Disease evaluation
Response assessment was performed by the treating physician, using available radiographic, clinical, and histopathologic data. A complete remission (CR) required complete normalization of radiographic and laboratory values, or a biopsy proven remission of any mass that underwent a less than 75% reduction. Chemosensitivity was defined as any response higher than stable disease to the regimen administered most recently before high-dose chemo/radiotherapy. Chemoresistance was defined as stable or progressive disease to the last regimen. Response after transplant was determined approximately 100 days following stem-cell infusion, and regularly thereafter according to physician preference. Disease-free survival (DFS) for patients in CR was measured from attainment of CR after ASCT until the time of disease relapse or diseaserelated death, with censoring at the time of death unrelated to lymphoma or last follow-up. Event-free survival (EFS) was measured from the day of stem-cell infusion (day 0) until the time of disease progression, development of secondary malignancy, or disease/treatment-related death, with censoring at the time of death unrelated to lymphoma/ treatment or last follow-up. OS was measured from day 0 until the date of death, with censoring at the time of last follow-up.
Statistical analysis
Data were collected using retrospective chart and database review. The closing day for analysis was January 31, 2005. All survival distributions and rates were calculated according to the Kaplan-Meier method. Achievement of CR after ASCT was examined in univariable analysis using the w 2 test, and in multivariable analysis using logistic regression. Univariable hazard ratios were derived from the Cox proportional hazards regression model and P-values were calculated for the log-rank test. Multivariable survival analysis was performed to develop predictive models for EFS and OS. As eight of the 10 patients (80%) that received a BM graft had 4-HC purging, the source of stem cells and purging exhibited colinearity (Pearson correlation 0.88). As a result, only one of the two variables was included in multivariable analysis, namely the source of stem cells. We started with a model that included all the variables in Table 3 and serially subtracted the least significant variable using the P-value for the Wald test. The likelihood ratio test was performed after each successive iteration to evaluate the resulting (nested) model. We tested the proportional hazards assumption using -ln(-ln(survival)) vs ln(time) plots ('log-log plots') for each variable in the final model and found the assumption to be acceptable. All P-values are two-tailed. Statistical analysis was performed with the STATA software (STATA Corporation v.8, Research Park, TX, USA, 2003). 
Results
In total, 49 patients with an initial diagnosis of low-grade FL underwent high-dose chemo/radiotherapy with ASCT at our institution between 1990 and 2003. Their clinical characteristics are listed in Table 2 . Median age was 50 years (range: 29-65 years) with five patients 60 years or older. At initial diagnosis, 27 patients (55%) had FL grade 1 and 22 patients (45%) had FL grade 2 by WHO criteria. At the time of transplantation, 22 patients (45%) had disease with histologic transformation. Five patients (10%) received ASCT as consolidation after first-line therapy, 24 patients (49%) after second-line, 11 patients (22%) after third-line, and nine patients (18%) after fourth-line or later therapy ( Table 2 ). At the time of transplantation, 44 patients (90%) had chemosensitive disease with 20 patients (41%) in CR. Five patients (10%) had chemoresistant disease prior to ASCT ( Table 2 ). Among patients alive at the last evaluation, the median follow-up was 5.5 years (range: 0.7-12.4 years).
Event information was missing in two patients. For the 47 patients with event data available, the median EFS was reached at 2.4 years. However, EFS reached a plateau at 35% after 5 years (Kaplan-Meier estimate), with 10 patients remaining alive and event-free at last follow-up (Figure 1a) . The median OS has not yet been reached, with a plateau of the Kaplan-Meier curve at 56% (longest follow-up 12.4 years) (Figure 1b) .
Following ASCT, 30 patients (61%) were in CR. Among the response subgroups, 28 of the 44 (64%) patients with chemosensitive disease and two of the five (40%) patients with chemoresistant disease were in CR after ASCT. Of note, 18 of the 20 (90%) patients in CR prior to ASCT remained in CR after ASCT. Of the patients in CR after ASCT, the DFS has reached a plateau at 56% with a median follow-up of 6.0 years (range: 0.25-12.1 years) (Figure 1c) .
There was one (2%) treatment-related death secondary to sepsis within 100 days after ASCT. Additionally, one patient (2%) who had failed first-line anthracycline-based ASCT in low-grade follicular lymphoma C Andreadis et al chemotherapy (CHOP) and received a TBI-containing conditioning prior to transplantation developed myelodysplastic syndrome (MDS) 9 months after ASCT and expired 37 months later while in CR from his lymphoma.
In univariable survival analysis, age less than 60 years, 4-HC purging of the graft, and achievement of CR after ASCT are significantly associated with favorable EFS and OS (Table 3) . Additionally, the presence of transformed disease prior to ASCT is significantly associated with inferior OS but not EFS in this group (Table 3) . A bone marrow vs a peripheral stem-cell graft is significantly associated with improved EFS but not OS (Table 3) . In multivariable analysis, age less than 60 years and achievement of CR after ASCT are the best predictors of EFS and OS (Table 4) . Among patients who achieved a CR after ASCT, the DFS, EFS, and OS curves have reached a plateau at 56, 54, and 79%, respectively (Figure 2) . respectively. In all, 11 patients in this subgroup (50%) achieved a CR after transplantation. The CR rate is not significantly different from that in patients without histologic transformation (P ¼ 0.10). Age less than 60 years and achievement of CR remain the best predictors of EFS and OS in this subgroup with hazard ratios that are comparable to those of the entire cohort (Table 4) . Among patients with transformed disease who achieve a CR, the rates of DFS, EFS, and OS at 5 years are 52, 44, and 80%, respectively, and compare favorably to those for complete responders in the entire cohort, which are 56, 54, and 84%, respectively.
Discussion
FL is an indolent disease, generally considered incurable in advanced stages with conventional therapy. Although highdose chemo/radiotherapy with stem-cell support has been shown to improve the depth and duration of response, long-term follow-up information is limited. In this retrospective review of a single-institution experience with mostly relapsed low-grade FL, we have identified a group of patients (35% of our cohort) that remain long-term event-free survivors.
In this study, with a median follow-up of 5.5 years, DFS, EFS, and OS at 5 years were 56, 35 and 70%, respectively. These rates are comparable to those observed in other single-institution trials that used various sources of stem cells, purging techniques, and chemo/radiotherapy conditioning regimens. In patients with relapsed disease, previously published studies with a median follow-up of 4 years or longer have reported progression-free survival rates of 38 to 72% and DFS rates (among complete responders) of 31 to 63%. OS rates in these studies range between 55 and 81%. [7] [8] [9] [10] [11] [12] [13] A randomized phase III trial sponsored by the EBMTR that was closed prematurely reported a significant prolongation of both progression-free and OS with purged or unpurged ASCT compared to chemotherapy alone in this group of patients.
14 The progression-free survival at 2 years for patients receiving purged ASCT, unpurged ASCT, and chemotherapy was 55, 58, and 26%, respectively. OS at 4 years for the purged ASCT, unpurged ASCT and chemotherapy alone arms was 77, 71, and 46%, respectively.
14 The data are still relatively immature and need to be observed over longer follow-up.
In our study, the only statistically significant predictors of long-term EFS and OS by multivariable analysis are age less than 60 years and achievement of CR after ASCT. Although there were only five patients over the age of 60 in our study, this variable was found to be statistically significant on both EFS and OS by univariable as well as multivariable analysis. It is important to note that CR prior to transplantation was not predictive of prolonged EFS or OS in our study. It is rather the quality of the response after ASCT that is more significant than any response prior to ASCT. This is confirmed by recent evidence that a molecular remission by PCR after ASCT is a predictor of long-term outcomes over and above a conventional CR. 9, 10, 15, 16 Information on the effectiveness of high-dose chemo/ radiotherapy and ASCT in patients with histologic transformation is more limited. There were no such patients included in the randomized phase III trial of ASCT in patients with relapsed disease.
14 There are small singleinstitution studies in the literature that have included patients with histologic transformation with conflicting results. Heterogeneity among these studies in terms of eligibility criteria, the definition of transformation, and the timing of ASCT in the course of disease (lead time bias), may explain some of the variability. Early studies have suggested that these patients have a lower EFS and OS compared to patients with low-grade disease. 17, 18 Several later studies with limited numbers of patients have not shown a difference in outcomes, potentially secondary to inadequate power. 11, 12, 16, 19, 20 Only one study of 50 patients with transformed disease demonstrated no difference in outcomes indirectly, comparing the patients to historical controls with de novo follicular or de novo large cell lymphoma. 21 In our cohort of 49 patients, among whom 22 had transformed disease, histologic transformation was not a statistically significant predictor of OS or EFS by multivariable analysis. Furthermore, complete response after ASCT and age younger than 60 years remained the best predictors of EFS and OS in this subgroup. Among complete responders, the 5-year OS, EFS, and DFS rates are comparable to those for the entire cohort.
High-dose therapy followed by autologous stem-cell transplantation was relatively well tolerated by our moderately pretreated patient population with FL. Treatment-related mortality (TRM) within 100 days of ASCT was low at 2%. In other studies with high-risk or transformed patients, early TRM rates as high as 20% have been reported. 20 The incidence of secondary malignancies, specifically MDS, was 2%. A reason for the low rates of early TRM and secondary malignancies may be the low utilization of TBI compared to the other studies. In the study by Van Besien et al 7 in the ABMTR/IBMTR registries, TBI was associated with a lower risk of disease recurrence, but a higher risk of TRM. In several smaller studies that uniformly incorporated TBI in the conditioning regimen, 12-16% of patients developed MDS/AML or other secondary malignancies. [9] [10] [11] We did not observe a statistically significant benefit in survival measures by the incorporation of TBI in our patient cohort. The high risk of late complications and the conflicting information on disease benefit suggest that TBI may be omitted from high-dose therapy regimens in patients with low-grade FL, in accordance with the practice for aggressive lymphomas. On the other hand, incorporation of targeted radiation approaches to ASCT, as with radioimmunoconjugates, has shown promise in phase I trials 22, 23 and in a retrospective comparison. 24 In summary, high-dose therapy with stem-cell transplantation can result in long-term EFS and OS, even among patients with histologic transformation. In univariable and multivariable analyses, achievement of CR after ASCT is associated with prolonged EFS and OS suggesting that this approach may alter the course of the disease. ASCT was associated with low short-term and long-term toxicity in our group of largely relapsed patients with low-grade FL. These results support the incorporation of high-dose therapy followed by autologous stem-cell transplantation in randomized, controlled clinical trials, especially in comparison to radioimmunotherapy or allogeneic transplantation approaches.
